Background: Neurosurgical procedures requiring a sitting position may put the patient at risk of a potentially life-threatening air embolism. Transient manual jugular venous compression limits further air entry in this situation. This study presents an alternative technique aimed at reducing the risk of air embolism.
into the vascular system varies between 7-76%, depending on the study and detection method. [2] [3] [4] [5] [6] Haemodynamically relevant venous air embolism, defined as a significant decrease in blood pressure, occurs in 1.9-3.3% of patients. 7 8 Thus standard surgical and anaesthetic procedures have been established to minimize the risk of life-threatening complications. 9 10 In case of detected air entry, manual jugular venous compression has been proved to limit further air entry by increasing the cerebral venous pressure. 1 10 11 Additionally, this pivotal manoeuvre also helps the surgeon to identify open vessels when air bubbles appear in venous lesions. 10 11 However, the efficacy of manual jugular vein compression may be limited to insufficient pressure and may even cause serious side effects such as a decrease in cerebral blood flow by direct carotid artery compression. 1 12 As an alternative method, we recently proposed an intrajugular balloon catheter to reduce the risk of air embolism. 12 
Methods

In vitro model of air embolism
An artificial vessel (made of translucent Tygon ® tubing), corresponding to the jugular vein diameter in pigs was placed in a water-filled bottle. An additional tubing system continuously supplied air bubbles (95% oxygen/5% carbon dioxide) into the artificial vessel to mimic air embolism. Prototypes of an intrajugular balloon catheter were kindly provided by Alexander Krebs (Teleflex Medical, Kernen, Germany) and Michal Syruček (Teleflex Medical, Hradec Kralove, Czech Republic). The intrajugular balloon catheter (7 Fr × 30 cm or 8.5 Fr × 30 cm) contained a proximal, medial and distal lumen and -most importantly -an inflatable balloon placed between the proximal and medial lumen ( Fig. 1) . 12 The intrajugular balloon catheter was inserted into the artificial vessel from the top. The balloon was inflated, with close attention paid to any air bubbles bypassing the cuff of the catheter. In a next step, aspiration of air of the medial lumen of the catheter from the location where air bubbles had entered the artificial vessel was attempted.
In vivo model
All procedures were performed in accordance with institutional and federal guidelines, including the German Animal Welfare Act (TierSchG), and were approved by the Animal Care Committee (Eberhard-Karls-University, Tübingen, Germany) and the Regierungspräsidium Tübingen, Germany (approval number A10/13). Close attention was paid to comply with relevant sections of the ARRIVE Guidelines. 13 The external jugular vein diameter was measured in the pigs using an ultrasound technique (Vivid I, GE Healthcare, München, Germany 14 Under visual control, the catheter was inserted such that the inflated balloon was clearly located within the jugular vein. The vein puncture site was sealed with cyanacrylate glue. Using a Doppler ultrasound technique (Vivid I, GE Healthcare, München, Germany), jugular blood flow was monitored and jugular venous pressure (JVP) was recorded before and during cuff inflation for up to 5 min. Air (10 ml) was injected proximally to the inflated cuffs to test the hypothesis that this novel device blocks air passage. For air injection a syringe (10 ml) was used and the air amount was slowly applied using the proximal luminae of the intrajugular catheters. After 30 s, aspiration of the remaining air was attempted via the proximal orifice of the catheter. After completion of the experiments a lethal dose of pentobarbital (100 mg kg −1 , Merial GmbH, Hallbergmoos, Germany) was applied under general anaesthesia according to institutional procedure.
Data analysis
Obstruction of blood flow monitored by ultrasound technique is reported descriptively. Data were tested for Gaussian distribution (D′Agostino & Pearson omnibus and Shapiro-Wilk normality test). For a parametric data set,  was performed followed by a Bonferroni's multiple comparison test and data are shown as mean (). The indicated P-values refer to the Bonferroni's multiple comparison test. A P-value of <0.05 was considered statistically significant and marked with an asterisk (*).
Results
In vitro experiments
Translucent Tygon ® tubing with a similar inner diameter (1 cm) to the jugular vein of pigs [0.6 (0.1) cm, n=10] was placed into a waterfilled bottle where air bubbles were continuously blown from the bottom into the artificial vessel to simulate air embolism (Fig. 2) . The intrajugular balloon catheter was inserted into the tubing from the opposite side (Fig. 2) . Under direct visual control, the balloon of the catheter was inflated to obstruct the inner diameter of the artificial vessel (Fig. 2) . In all experiments (n=10) no air bubbles bypassed the level of the catheter cuff. As anticipated, air accumulated under the inflated balloon and could be entirely aspirated via the medial orifice of the catheter ( Fig. 2; n=10) . In summary, the efficacy of the intrajugular balloon catheter could be reliably demonstrated in this in vitro model of air embolism.
In vivo experiments
The location of bilaterally catheters placed into the jugular veins of 8 pigs during anaesthesia was identified by Doppler ultrasound and initially showed constant blood flow (Fig. 3) . After inflating the catheter cuff, blood flow was completely obstructed (Fig. 3) , and after deflation venous blood flow was restored (Fig. 3) . In one of the 16 purpose-built intrajugular balloon catheters we experienced difficulties deflating the cuff, as the inflated balloon prolapsed to the contralateral site of the orifice so that it was obstructed by the balloon's membrane. However, manual manipulation led to a re-opening of the orifice, allowing deflation. In a next step, jugular venous pressure (JVP) was assessed via the proximal lumen of the catheter before and after bilateral cuff inflation for up to 5 min (Fig. 4) . The initial JVP was 9.8 (2.4) mm Hg and increased after cuff inflation to 14.5 (2.5) mm Hg within 30 s (n=8, P<0.05). A similar effect was seen after 1, 3, and 5 min of balloon inflation. After cuff deflation the JVP decreased back to control values [9.3 (2.8) mm Hg, n=8].
For testing the efficacy of the balloon catheter system to prevent air embolism in vivo, both cuffs were inflated and air (10 ml) was injected proximally to the balloons (Fig. 5 ). After 30 s, an attempt was made to re-trap the remaining air by aspirating through the proximal lumina of the catheters (n=6). During this aspiration attempt 7.8 (2) ml of air could be captured, corresponding to 78 (20%) of the injected air volume.
Discussion
Neurosurgical procedures of the cranial fossa posterior require the patient to be in a sitting position, 15 where air entry is facilitated by a negative venous pressure as a result of the surgical field being above the level of the heart. 16 When large quantities of air enter into the venous system, hypocapnia and hamodynamic instability may occur, suggesting venous air embolism. 3 16 As venous air embolism may cause lethal complications, 15 17 air detection methods such as precordial Doppler or transesophageal echocardiography are used during craniotomies in the sitting position. 1 7 When air embolism occurs manual jugular compression has been shown to prevent further air entrainment.
11 18 19 Other studies have proposed the use of a transiently inflated tourniquet around the neck. 20 21 In recent work by Frydrychowski and co-workers, jugular vein compression was achieved using a sphygmomanometer. 22 The cuff was inflated to 40 mm Hg for 3 min in healthy volunteers while monitoring cerebral blood flow velocity and pial artery pulsation. 22 It could be shown that venous congestion led to a hyperkinetic cerebral circulation. Interestingly none of the volunteers (n=32) experienced any adverse events. Another group investigated whether jugular venous compression alters cerebral blood flow or oxygen consumption in the head elevated position in dogs. 18 Whilst the cerebral venous pressure was significantly elevated as expected, the cerebral blood flow or oxygen consumption remained unaffected during the application of neck vein compression for up to 30 min. 18 In the present study, we provide first evidence that an intrajugular balloon catheter reduces air embolism in vitro and in vivo. An intrajugular balloon catheter combines the functionality of the jugular vein compression manoeuvre and a central venous line. In patients, this catheter may be used like a common central venous line for both liquid and drug administration either during surgical procedures or postoperatively. However, application in patients would require bilateral insertion of intrajugular balloon catheters. The incidence of accidental arterial puncture during central venous catheter placement is reported to be 2-5%. 23 24 The accidental arterial insertion of a large-bore catheter, which is associated with major complications, is around 0.06-0.5%. 25 26 To prevent major complications during central vein catheter placement ultrasound-guided placement should be used for central vein cannulation. 27 Therefore, the application in patients would require a cautious procedure using ultrasound guidance. 28 We also demonstrated that 78 (20%) of the applied air could be aspirated by the proximal orifice of the catheter in vivo after mimicking air embolism. A shorter distance between the proximal orifice and the inflated cuff may have further increased the success in this experimental setting. Central venous catheters placed into the right heart are known to facilitate air aspiration in case of venous air embolism. 29 30 While a Bunegin-Albin catheter device may be helpful for air aspiration from the superior vena cava and the right atrium, 30 an intrajugular balloon catheter enables direct air aspiration from the jugular vein region and may even prevent additional air entering the heart. Further studies are needed to elucidate the utility of an intrajugular balloon catheter for air aspiration. In our prototype testing, we experienced a balloon prolapse to the contralateral site of the connecting orifice so that instant deflation was not possible. Although balloon catheters are well established devices for use in vascular angioplasty or during anaesthesia as pulmonary artery catheters, 31 32 the next step of prototype development will address such complications. In future studies, the use of intrajugular balloon catheters for assessing cerebral oxygenation should be determined, as blood samples from the jugular bulb may be obtained by the proximal lumen in order to monitor cerebral oxygenation during surgical procedures. For this purpose, an intrajugular balloon catheter may prove to be less invasive than the placement of a transjugular dural sinus catheter. 33 Authors' contributions V.S.E., H.P.W. and C.G. conceived and performed the study, analysed the data and approved the final manuscript. B.N. and T.O. G. helped to perform the study and approved the final manuscript.
